Five Angus × Hereford steers with ruminal and duodenal fistulas were used in a 5 × 5 Latin square to determine effects of increasing the proportion of urea in supplemental degradable intake protein (DIP) on intake, fermentation, and digestion. Steers had ad libitum access to low-quality, tallgrassprairie forage (2.4% CP, 76% NDF). Supplemental DIP (380 g/d) was from sodium caseinate and(or) urea and was balanced with cornstarch to provide a final supplement (approximately 939 g DM/d) that contained 40% CP. The percentages of supplemental DIP from urea were 0, 25, 50, 75, and 100%. Intake of forage OM was not affected ( P ≥ .30) by urea level. Ruminal and total tract digestibilities of OM and NDF generally responded in a quadratic manner ( P ≤ .09) to increasing urea, with the lowest values observed at the highest urea level. As a result, digestible OM intake (DOMI) declined (linear, P = .03) with increasing proportions of urea and tended (quadratic, P = .14) to exhibit the largest proportional decline at the highest urea level. The effects of increasing urea on duodenal N flow, microbial efficiency, ruminal contents, and fluid dilution rate were minimal. Ruminal ammonia N and molar percent acetate increased linearly ( P ≤ .02), whereas most other VFA (except propionate) decreased ( P ≤ .05) with increasing urea. In conclusion, although forage OM intake was not altered, OM digestion, NDF digestion, and DOMI were lowest when all supplemental DIP was supplied as urea. Changes in fermentation characteristics reflected the change in source of available nitrogen.
Introduction
Providing supplements with a high concentration of true protein to ruminants fed low-quality forage stimulates forage intake, digestion, and performance (Petersen, 1987; McCollum and Horn, 1990) . However, substituting nonprotein nitrogen ( NPN) for a sizable portion ( ≥ 50%) of the CP in such supplements has frequently resulted in poorer performance than that observed when supplements contained primarily true protein (Rush et al., 1976; Forero et al., 1980) . Because fibrolytic bacteria use ammonia as a chief N source (Russell et al., 1992) , NPN should be able to substitute for at least a portion of the degradable intake protein ( DIP) . However, such substitution should be performed on a DIPequivalent basis. Also, given the positive effects of amino acids and peptides on ruminal fermentation (Maeng and Baldwin, 1976) , the efficacy of substituting NPN for DIP is likely to vary with the degree of substitution. Most previous research entailed substituting NPN on a CP-equivalent basis, and the degree of substitution often seemed to be arbitrarily chosen and frequently was quite high ( ≥ 50% of total CP). Thus, our objective was to clarify the effect on forage intake, digestion, and fermentation characteristics of increasing the proportion of urea in supplemental DIP.
Experimental Procedure
Five ruminally and duodenally fistulated Angus × Hereford steers (average initial BW 410 kg, average final BW 388 kg, average age 2 yr) were housed in an (Table 2 ) were formulated to provide 0, 25, 50, 75, and 100% of the supplemental DIP from urea. The supplemental DIP was from sodium caseinate (determined to be 100% degradable via the method of Krishnamoorthy et al., 1983) and(or) urea and was balanced with cornstarch to provide a final supplement that contained 40% CP. There were several reasons why we chose to include starch in the supplement and balance each mixture to contain 40% CP. First, we were concerned with potentially eliciting ammonia toxicity by providing urea alone with a slow-fermenting, low-quality forage. Bartley et al. (1976) observed toxicity symptoms in more than 50% of adult cattle consuming a 40% concentrate ration and dosed with .5 g urea/kg BW. In our study, the 100% urea treatment provided .33 g of urea/kg of BW each day; however, the fermentability of the diet was considerably lower than that used by Bartley et al. (1976) . Second, the final application of this type of supplementation information will entail providing supplemental N in conjunction with starch or other digestible carbohydrates. Third, given the limited use of DIP per se as a microbial energy substrate, its low energy yield when fermented, and difficulty quantifying potential benefits from supplying protein and carbon skeletons in the same compound, an appropriate energetic equivalence for casein (relative to starch) is unclear. Each of the supplements fed provided an equal amount of supplemental DIP. The quantity of supplemental DIP fed, when combined with the forage DIP, was estimated to be sufficient to maximize digestible OM intake (Köster et al., 1996) . The supplement (approximately 939 g DM/ d ) was administered intraruminally at 0630 and 1830 immediately before feeding forage.
Forage was chopped coarsely to approximately 13 cm in length and offered at 140% of the previous 5-d average consumption. A trace mineralized salt mixture was formulated based on previous research regarding the mineral content of tallgrass-prairie forage in this region (Umoh et al. 1982) . The composition of the trace mineral-salt mixture was 64% NaCl, 17% Ca, 13% P, 5% S, .007% I, .24% Fe, .08% Zn, .03% Cu, .004% Co, and .004% Mg. To prevent mineral deficiencies from limiting ruminal fermentation, 35 g of the trace-mineralized salt mixture was administered ruminally in two equal portions concurrent with the morning and evening feedings. Additional elemental sulfur ( S ) was added to each supplement at a level necessary to maintain a N:S ratio of approximately 10:1 in the complete diet. through 18, duodenal and fecal grab samples were collected four times daily at 6-h intervals. Collection times were advanced 2 h each day to obtain samples that represented every even hour of a 24-h period.
On d 19, ruminal evacuations were performed just before ( 0 h ) and 4 h after feeding hay and administering supplements. Ruminal contents of each steer were removed manually, weighed, mixed by hand, subsampled in triplicate to determine DM concentration, and then returned to the rumen.
Thirteen grams of Co-EDTA (Uden et al., 1980) , solubilized in 500 mL of distilled water, was pulsedosed as a fluid dilution marker into various ruminal sites just before the morning feeding (0600) on d 20. Ruminal fluid samples were collected just before dosing ( 0 h ) and at 3, 6, 9, 12, and 24 h after dosing to determine ruminal pH, VFA, ammonia N, and Co concentrations.
Feed and orts were dried at 50°C in a forced-air oven for 48 h. Fecal and ruminal evacuation samples were dried at 50°C for 96 h. Duodenal samples for each animal within each period were composited on an equal weight basis, frozen, and lyophilized (FTS Systems, Stone Ridge, NY). All dried samples were ground with a Wiley mill (Thomas Scientific, Swedesboro, NY) to pass a 1-mm screen. Forage samples were composited into a single sample within each period, whereas orts and fecal samples were composited for each steer within each period.
Laboratory Analyses. Feed, orts, and fecal samples were analyzed in duplicate for DM, ash, and Kjeldahl N (AOAC, 1990) . Neutral detergent fiber was analyzed using the procedure described by Van Soest et al. (1991) and expressed on an ash-free basis. Complete fecal recovery of AIA with tallgrass-prairie forage had been demonstrated previously in our laboratory (Sunvold and Cochran, 1991) . Therefore, the AIA procedure of Van Keulen and Young (1977) (.2 N HCl procedure) was used to isolate an internal marker to measure digesta flow.
Ruminal bacteria were isolated from ruminal contents collected during the evacuation conducted 4 h after feeding. Isotonic saline (500 mL/kg ruminal contents) was added to approximately 2 kg of ruminal contents and blended, and the mixture was strained through two layers of cheesecloth. Feed particles in ruminal samples were removed via centrifugation at 1,000 × g for 10 min. Bacteria were separated from the supernatant by centrifuging at 20,000 × g for 20 min, washing with isotonic saline solution, and then centrifuging a second time at 20,000 × g for 20 min. Isolated bacteria were frozen and lyophilized before being analyzed for ash and N. Purines were used as a bacterial marker and were determined in bacterial and duodenal samples (Zinn and Owens, 1986) to calculate microbial N flow to the small intestine and efficiency of microbial protein synthesis. True ruminal OM digestion was calculated by correcting the amount of OM apparently digested in the rumen for bacterial OM flow to the duodenum. A small portion of the lyophilized duodenal samples was reconstituted to 3% DM in .1 N HCl, vortexed, and centrifuged at 20,000 × g for 20 min (Hannah et al., 1991) . The supernatant was analyzed for ammonia N according to the procedure described by Broderick and Kang (1980) . The pH of ruminal fluid samples was measured immediately following sampling by using a portable pH meter with a combination electrode (Orion Research, Boston, MA). To determine ruminal ammonia N, 2 mL of ruminal fluid was added to 8 mL of .1 N HCl. Another 8 mL of ruminal fluid was added to 2 mL of 25% (wt/vol) metaphosphoric acid for VFA analyses. These samples were frozen at −20°C, as was a third sample of ruminal fluid (20 mL) for analyses of Co concentrations. Following thawing, all ruminal fluid samples were centrifuged at 20,000 × g for 20 min. Ammonia N samples were analyzed by the procedure described by Broderick and Kang (1980) . Ruminal VFA concentrations were determined by gas chromatography (Vanzant and Cochran, 1994) . Cobalt concentration was determined using an atomic absorption spectrometer with an air acetylene flame. Fluid dilution rate was calculated by regressing the natural logarithm of Co concentrations against sampling time (Warner and Stacy, 1968) . Ruminal fluid and DM contents were determined from manual evacuation of ruminal contents.
Statistical Analysis. Intake (expressed relative to initial BW), digestibility, and flow data were analyzed using the GLM procedure of SAS (1992) with a model appropriate for a 5 × 5 Latin square. Terms in the model were steer, period, and treatment. Treatment sums of squares were partitioned into linear, quadratic, and cubic effects. Ruminal liquid and solid contents (expressed relative to initial BW), as well as pH, VFA, and ammonia N, were analyzed as a split plot with a Latin square whole-plot design using the MIXED procedure of SAS (1992). Whole-plot sources of variation were steer, period, and treatment, using steer × period × treatment as the whole-plot error term. The subplot included effects of time and treatment × time. Linear, quadratic, and cubic contrasts were used to partition the treatment sums of squares.
Results
Forage OM, total OM, and total N intake did not change ( P ≥ .30) with increasing urea levels (Table  3) . In contrast, because digestion decreased, digestible OM intake decreased (linear, P = .03) with increasing urea, although a trend (quadratic, P = .14) was evident for a larger incremental decline with the highest level of urea. True ruminal OM digestion was fairly similar among treatments except for a substantial decrease in digestion at the highest urea level (quadratic, P = .04). Ruminal NDF digestion also tended to respond quadratically ( P = .06), although the decline in fiber digestion was evident after urea inclusion exceeded 50%. Apparent digestion of CP in the rumen was positive at all levels of urea and tended (linear, P = .11) to increase as urea levels increased. Responses to increasing urea for total tract OM (quadratic, P < .01) and NDF (quadratic, P = .06) digestion were similar to the corresponding responses for ruminal digestion. Total tract N digestion exhibited no change ( P ≥ .28) with increasing percentage of urea. Increasing the proportion of supplemental N from urea had minimal effect ( P ≥ .16) on total N flow to the duodenum. Similarly, when N flowing into the duodenum was partitioned, the fractions (microbial N, ammonia N, nonammonia-nonmicrobial N ) were not affected ( P ≥ .39) by treatment. Efficiency of microbial growth seemed to be similar ( P ≥ .14) across the different urea levels. Also, amount of N appearing in the feces did not change ( P = .31) when supplemental urea levels were increased.
Significant interactions were not observed between treatment and time for ruminal DM and liquid contents (Table 4) . Ruminal contents of both fractions remained similar ( P ≥ .20) with increasing proportions of urea, as did fluid dilution rate ( P ≥ .50).
No treatment × time interaction ( P ≥ .10) was evident for ruminal pH or ammonia N (Table 5 ). In contrast, most VFA proportions were characterized by treatment × time ( P < .01) interactions. However, the interactions were largely due to the magnitude of response in different time periods. Therefore, all fermentation data were averaged across time. Ruminal pH and total VFA concentrations were not affected ( P ≥ .12) by increasing proportions of supplemental N from urea. In contrast, ammonia N and molar percent acetate increased linearly ( P ≤ .02) as the percentage of supplemental N from urea increased. With the exception of propionate, which was not affected ( P ≥ .18) by treatment, molar percentages of all other VFA decreased ( P ≤ .01) with increasing proportions of N supplied by urea.
Discussion
The lack of treatment differences for forage OM, total OM, or total N intake suggests that substituting urea for true protein at the ruminal level would not alter the potential for N-containing supplements to increase the intake of low-quality forage. These results agree with earlier work (Raleigh and Wallace, 1963; Ammerman et al., 1972; Swingle et al., 1977 ) that demonstrated similar intake responses when ureabased supplements were compared directly with true protein-based supplements.
In contrast, because of the negative effects on total tract digestion, DOMI was depressed with increasing urea, especially when all supplemental DIP was supplied as urea. Results from previous digestion studies evaluating NPN inclusion in supplements for forage-fed livestock have been variable. Some studies reported small increases in digestibility when NPN was fed (Ammerman et al., 1972; Hunter and Siebert, 1980; Lee et al., 1987) . Other studies demonstrated a slight decline (Kropp et al., 1977a,b) . Results from those studies and from our experiment indicate that, as long as extreme levels of urea inclusion are avoided, NPN-based and true protein-based supplements should have similar effects on the digestion of low-quality forage. The ability of NPN to improve forage digestion is due to the supply of ruminal ammonia, the main source of N used by most cellulolytic bacterial strains (Petersen, 1987; Owens et al., 1991 , Russell et al., 1992 . In contrast, the depression in digestion observed at the high level of urea may have resulted from reduced availability of amino acids or peptides per se (Burroughs et al., 1951; Maeng and Baldwin, 1976) or other microbial growth factors (Petersen, 1987; Owens et al., 1991) . For example, Hoover (1986) noted that branched-chain volatile fatty acids ( BCVFA) derived from the deamination of specific amino acids are required by cellulolytic microorganisms. However, he also noted that effects of BCVFA on fiber digestion have been inconsistent and that their overall importance to ruminal fermentation may vary with diet composition. In our study, concentrations of BCVFA in ruminal fluid were lowest for the treatment displaying the lowest fiber digestion.
The minimal effects on total N flow and associated N fractions in the duodenal digesta agree with previous results (Redman et al., 1980; Kellaway and Leibholz, 1983; Petersen et al., 1985) . Because changes in true ruminal OM and NDF digestion were observed, we cannot conclude that the treatments had no effect on microbial fermentation. The sensitivity of the procedures used to measure microbial response could have been inadequate for discriminating relatively small, variable changes (Broderick and Merchen, 1992) . On the other hand, some other aspect of the treatments (e.g., differences in the amount of starch provided) could have been responsible for the decline in digestion (Henning et al., 1980; . However, El-Shazly et al. (1961) indicated that urea is effective in relieving the inhibition of fiber digestion by starch. Their observation, coupled with the fact that fiber digestion did not respond linearly to increasing increments of starch, raises questions regarding the potential importance of the "carbohydrate effect" in this study.
Although apparent ruminal CP digestion tended to increase with increasing urea inclusion, total tract CP digestion was similar across treatments. Total tract CP digestion values in our study were all positive and within the range reported by Petersen et al. (1985) when urea-based and true protein supplements were compared. In contrast, Swingle et al. (1977) observed higher total tract N digestibilities in sheep when a predominantly urea-based supplement was compared with a supplement containing cottonseed meal. However, the magnitude of the difference in their study was only 6%.
Ruminal DM and liquid contents, as well as fluid dilution rate, remained relatively constant across different urea levels. This agrees with the constant forage intake and limited effects on digestion in our study.
The similar pH values observed with different levels of urea correspond with the minimal effects on total VFA concentration. Furthermore, because ruminal pH was in the range of 6.3 to 6.7, it would have been unlikely to impair the ability of fibrolytic organisms to ferment forage. Because of the rapid rate of urea hydrolysis, ruminal ammonia N concentrations increased with increasing urea levels. However, ammonia N concentrations seemed adequate for microbial growth for all treatments (Hoover, 1986) . The fact that the highest ruminal ammonia concentration corresponded with the lowest true ruminal OM digestibility indicates that a factor other than ammonia availability per se had a greater effect on ruminal digestion at high levels of urea inclusion.
The change in N source from casein to urea was associated with a shift in molar proportions of VFA. The slight decrease in butyrate and substantial decreases in isobutyrate, isovalerate, and valerate proportions when NPN replaced true protein in the supplement corresponded to increased acetate proportions in the rumen. The effects of such shifts do not seem to have been of sufficient magnitude to significantly affect host energy metabolism. However, the decline in BCVFA may have contributed to the decline in digestion, particularly at the highest level of urea inclusion.
Implications
Isonitrogenous substitution of urea for ruminally degradable true protein did not affect intake of lowquality forage when supplemental nitrogen was ruminally infused and provided in sufficient amounts to maximize digestible organic matter intake. In contrast, urea substitution at high levels depressed digestion and thus digestible organic matter intake. This implies that low-level substitution of urea for degradable protein in supplements is feasible without negative repercussions on intake and digestion of lowquality forage. However, effects on supplement palatability and animal performance must be considered during final evaluation of the potential for urea inclusion in supplements for cattle fed low-quality forage.
